e present study considers the friction behavior of chemically deposited Ni-P-W coatings and optimization of the coating process parameters for minimum friction using Taguchi method. e study is carried out by varying the combination of four coating process parameters, namely, concentration of nickel source, concentration of reducing agent, concentration of tungsten source, and annealing temperature. e friction tests are conducted in a plate-on-roller con�guration by keeping the coated sample �xed against a rotating steel roller. e optimum combination of process parameters for minimum friction coefficient is obtained from the analysis of S/N ratio. Furthermore, a statistical analysis of variance reveals that the concentration of nickel source solution has the most signi�cant in�uence in controlling friction characteristics of Ni-P-W coating. e surface morphology and composition of coatings are also studied with the help of scanning electron microscopy, energy dispersed x-ray analysis, and x-ray diffraction analysis.
Introduction
Coating process is the most efficient technique to improve the performance capabilities of metal surfaces, by allowing the mechanical properties of the substrate material to be maintained while protecting them against wear, friction, or corrosion by a protective coating. e electroless plating/chemical deposition was �rst adopted by Brenner and Riddell [1, 2] . It is a method of plating metallic substrates with nickel or cobalt alloys without the application of any external current source. In general, this type of plating is characterized by the selective reduction of metal ions only at the surface of a catalytic substrate immersed into an aqueous solution of metal ions, with continued deposition on the substrate through the catalytic action of the deposit itself. Since the deposit catalyzes the reduction reaction, the term autocatalytic is also used to describe the plating process. In this process the substrate develops a potential when it is dipped in electroless solution called bath that contains a source of metallic ions, reducing agent, complexing agent, stabilizer, and other components [3] . Due to the developed potential both positive and negative ions are attracted towards the substrate surface and release their energy through charge transfer process, and this property gives it an extra advantage over the conventional electroplating processes that depend on an external source of direct current in order to reduce nickel ions in the electrolyte to nickel metal on the substrate. Another advantage is that these coatings can be applied to a variety of substrate materials and plated uniformly on intricate part geometries. e deposition rate, properties of coated components, and the structural behaviour of deposits mainly depend upon the plating bath constituents and conditions such as the type and concentrations of the reducing agent, stabilizer, used pH, and the temperature of the bath. Since the discovery of these coatings, the properties and structures of such coatings have received considerable research attention. Hypophosphite reduced nickel phosphorous and borohydride reduced nickel-boron coating have already gained immense popularity due to excellent hardness, anticorrosion, and tribological properties [4] . e amount of phosphorous deposited in the coating and postdeposition heat treatment determines the properties and microstructures of the coatings. e basic nickel-phosphorus deposits with high amount of phosphorous show good wear resistance, particularly when heattreated at 400-600 ∘ C [5] [6] [7] [8] [9] . e structure of as-plated EN coatings has been reported to be either crystalline or amorphous or a mixture of both. e mechanical and tribological properties of these coatings can be further improved by the incorporation of hard particles and dry lubricants [10] [11] [12] [13] [14] [15] .
In the �eld of tribology, there are two major categories of nickel-based composite coatings, that is, lubricating composite coatings and wear-resistant composite coatings. e electroless Ni-P based lubricating composite coatings usually contain codeposited solid lubricants such as WS 2 , MoS 2 , PTFE (poly tetra �uoroethylene), and graphite [16] , and they usually have a reduced friction coefficient as compared with binary electroless Ni-P coating. It is considered that the incorporation of a typically transition metal such as W, Co, Mn, Re, and Mo in the binary Ni-P alloy could lead to superior properties than the binary Ni-P coating. So the research could be extended for the ternary Ni-P-M alloy where the M is the transition metal. Addition of a third element into the binary electroless nickel to form a ternary alloy coating such as Ni-Cu-P [17] , Ni-P-TiO 2 [18] , Ni-W-P [19] [20] [21] [22] [23] has been studied.
Very few data are available on the friction properties of electroless ternary or quaternary systems. Pearlstein and Weightman [24] �rst presented the ternary Ni-W-P alloy in 1963, and since then, many investigations on electroless Ni-P-W ternary alloy are reported. As tungsten is a refractory metal, it cannot be deposited from any aqueous solution. However tungsten alloys with the iron group transition metals can be readily deposited from aqueous solutions containing tungsten ion [21] . e incorporation of tungsten into the nickel matrix led to the solute hardening and enhanced the hardness and also exhibits excellent properties such as mechanical properties, tribological properties, and corrosion resistance. e friction coefficient was found to be within the range 0.35-0.65 when tested under the 40 N loading conditions [25] .
is study deals with the application of the Taguchi method to determine the optimum combination of coating process parameters in order to obtain minimum friction behaviour in electroless Ni-P-W coatings. Ni-P-W coatings are deposited on mild steel (AISI 1040) specimens based on the Taguchi orthogonal design with four design parameters (each has three levels), namely, concentration of nickel source, concentration of reducing agent, concentration of tungsten source, and annealing temperature as independent variables. en the friction behaviour of these coatings is evaluated in a multitribotester. e Taguchi analysis is employed to identify optimum coating parameter combination that yields optimum (minimum) friction coefficient. A con�rmation experiment is conducted to verify the optimal coating process parameter combination as predicted by Taguchi analysis. e analysis of variance is also performed to determine the signi�cance level of individual factors and their interactions. e surface morphology and composition of the coatings are studied with the help of scanning electron microscopy (SEM), energy dispersed x-ray analysis, and x-ray diffraction (XRD) analysis.
Taguchi Method
An attempt has been made in this paper to optimize the friction behaviour of chemically deposited Ni-P-W coating using Taguchi method [26] . e concept of the Taguchi method is to optimize process parameters to achieve high quality with low cost. Taguchi recommends the use of the loss function to measure the quality characteristic. e value of the loss function is further transformed into a statistical measure called signal-to-noise ratio. A larger S/N ratio represents a better quality characteristic, and the corresponding process parameters are insensitive to the variation of environmental conditions and other noise factors. Due to the increasing number of process parameters, a special design of orthogonal arrays is used in the Taguchi method to reduce large number of experiments that need to be carried out. e detailed methodology about Taguchi method is described elsewhere [27] .
Experimental Details
3.1. Plan of Investigation. e design of experiment is a wellorganized method where the values of the design factors can be changed to study the effects of the individual factors as well as their interaction on the responses with a least number of experimental runs. e design process parameters are those factors which are varied within a speci�c range to obtain an optimum combination for desired result of the responses. In the present study, four coating process parameters are selected; those are concentration of nickel source (A), concentration of reducing agent (B), concentration of tungsten source (C), and the annealing temperature (D). Each factor has three equally spaced levels. e factors and their levels considered in the present study are shown in Table 1 . As it is a four-factor three-level experiment, so the total degree of freedom (DOF) considering the individual factors and their interactions is 20. Here L 27 orthogonal array is chosen as it satis�es all the DOF conditions. e orthogonal array is shown in Table 2 .
Preparation of Substrate. Mild steel blocks (AISI 1040)
of size 20 mm × 20 mm × 8 mm are used as substrates for the deposition of electroless Ni-P-W coating. is particular dimension of the substrate is chosen so that the samples get well �tting with the counterpart of the multitribotester apparatus for tribological testing. Shaping, parting, and milling processes are used accordingly for the preparation of the sample. e sample is then subjected to surface grinding process.
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Coating
Deposition. e substrate samples are mechanically cleaned from foreign matters and corrosion products. Aer that the samples are cleaned using distilled water. A pickling treatment is given to the specimens with dilute (50%) hydrochloric acid for one minute to remove any surface layer formed like rust followed by rinsing in distilled water and methanol cleaning. A large number of trial experiments are performed before deciding the bath composition. Table 3 indicates the bath composition and the operating conditions for successful coating of electroless Ni-P-W. Nickel sulphate is used as the source of nickel while sodium hypophosphite is the reducing agent. e bath is prepared by adding the constituents in appropriate sequence. e pH of the solution is maintained around 7-8 by continuous monitoring with a pH meter. e cleaned samples are activated in palladium chloride solution at a temperature of 55 ∘ C. Activated samples are then submerged into the electroless bath which is maintained at a temperature between 90 and 92 ∘ C with the help of a hot plate cum stirrer attached with a temperature sensor also submerged in the solution. e deposition is carried out for a period of 3 hours. e range of coating thickness is found to lie around 20-25 microns. Aer deposition, the samples are taken out of the bath and cleaned using distilled water. Aer coating, the samples are subjected to annealing at different temperatures (400 ∘ C, 500 ∘ C, and 600 ∘ C) as per the OA in Table 2 .
Friction Test.
Friction characteristics of the Ni-P-W coated specimens are studied under dry, nonlubricated conditions and at ambient temperature of about 25 ∘ C and relative humidity of about 85% in a multitribotester apparatus (TR-25, Ducom, India) using a plate-on-roller con�guration. A pictorial view of the apparatus is shown in Figure 1 . e Ni-P-W coated specimens serve as test specimens which are held horizontally against a rotating roller of 50 mm dia × 20 mm thickness. e steel roller is coated with titanium nitride of hardness 85 HRc, which is higher than the hardness of the Ni-P-W coated specimen in order to ensure that the wear will take place only in the test specimens. Dead weights are placed on the loading pan, which is attached at one end of a 1 : 5 ratio loading lever. e frictional force is measured by a frictional force sensor that uses a beam type load cell of 1000 N capacity. e speed of the roller and the duration of tests can be controlled via a computer attached to the tribotester. e values of the tribological test parameters (normal load-25 N, roller speed-50 rpm, and sliding time-300 sec) for the friction tests are kept constant for all the 27 specimens. Table  4 shows the experimental data obtained from the friction test.
Surface Morphology and Composition
Study. e characterization of the coating is necessary so that it can be made sure that the coating is properly developed. An Xray diffraction (XRD) analyzer (Rigaku, �ini�ex) is used for identi�cation of compounds in the coatings both before and aer heat treatment. Figure 2 shows the XRD plots of asdeposited and heat-treated conditions. From the �gure it is evident that in as-deposited condition the phase is mostly amorphous but there exists a crystalline peak. us it may be attributed that the coated surface has a mixture of amorphous and crystalline phase. Aer heat treatment, some of the peaks broaden and produce crystalline phases. Aer heating at 500 ∘ C for 1 hour, the major peaks of Ni-W and Ni 3 P are obtained.
Energy dispersive X-ray analysis (EDAX Corporation) is performed to determine the composition of the coating in terms of the weight percentages of nickel, phosphorous, and tungsten. e EDX analysis is done on the coatings developed from the bath consisting of different concentrations of sodium tungstate (tungsten ions) in order to capture the range of tungsten content in the coatings. Figure 3 shows the EDX spectra of the coated surface. Figure 4 shows the SEM micrograph of as-deposited and heat-treated (400 ∘ C, 500 ∘ C, and 600 ∘ C) Ni-P-W coated surface. It is clear that the deposit has globular shape with almost no porosity in as-deposited condition. When it is heat treated at 500 ∘ C, the globules become more compact and produce a dense structure resulting in a hard deposit. With further heating at 600 ∘ C, the globules increase in size and transform into coarse-grained structure. Figure 5 shows the SEM image of worn surface at different magni�cation. From the image it is clear that the load is taken by some of the peak globules where the other peaks remain intact. e wear mechanism is generally adhesive in nature because no plowing effect or abrasive particle is observed on the worn surface. e adhesive wear is in�uenced by several factors such as hardness and degree of adhesion between the interacting surfaces.
Results and Discussion

Analysis of Signal-to-Noise Ratio.
Taguchi method is used to optimize process parameters to achieve high quality with low cost. Taguchi recommends the use of the loss function to measure the quality characteristic. e value of the loss function is further transformed into a statistical measure called signal-to-noise ratio; where signal means desirable value (mean) and the noise is the undesirable value (S.D.). A larger S/N ratio represents a better quality characteristic because of the minimization of noise, and the corresponding process parameters are insensitive to the variation of environmental conditions and other noise factors. e variability can be easily captured if S/N ratio is used to convert the experimental results into a value for the evaluation characteristic in the optimum parameter analysis, instead of the mean. e idea is to maximize the S/N ratio, thereby minimizing the effect of random noise factors, which have a signi�cant impact on the process performance. As the friction coefficient is to be minimized, so lower-the-better (LB) criterion of S/N ratio is used which is given by lower the better (LB) ∶ ratio = −10 log 1 where is the observed data and is the number of observations. Table 4 shows the experimental results for friction coefficient and the corresponding S/N ratio. Since the experimental design is orthogonal, it is then possible to separate out the effect of each coating parameter at different levels. e mean S/N ratio for each level of the factors A-D is summarized and called the S/N response table for friction coefficient ( Table 5 ). In addition, the total mean S/N ratio for the 27 experiments is also calculated and listed in Table  5 . All the calculations are performed using Minitab [28] . e response table shows the average of the selected characteristic for each level of the factors. e response table includes ranks based on Delta statistics, which compare the relative magnitude of effects. e Delta statistic is the highest average for each factor minus the lowest average for the same. Ranks are assigned based on Delta values; rank 1 is assigned to the highest Delta value, rank 2 to the second highest Delta value, and so on. e corresponding main effects and interaction effects plots between the process parameters are also shown in Figures 6 and 7 , respectively. In the main effects plot, if the line for particular parameter is near horizontal, the parameter has no signi�cant effect. On the other hand, a parameter for which the line has the highest inclination will have the most signi�cant effect. It is very clear from the main effects plot that parameter A (concentration of nickel source solution) is the most signi�cant parameter while parameter D (annealing temperature) also has some signi�cant effect. So far as the interaction plots are concerned, estimating an interaction means determining the nonparallelism of parameter effects. us, if the lines on the interaction plots are nonparallel, interaction occurs and if the lines cross, strong interactions occur between parameters. From Figure 7 , it can be seen that there is strong interaction between parameters A and B and there is moderate interaction between B and C and parameters A and B. us from the present analysis it is clear that the concentration of nickel source solution (A) is the most in�uencing parameter for friction characteristics of EN coatings. e optimal process parameter combination is the one that yields maximum mean S/N ratio, and thus the same for minimum friction coefficient is found to be A1B1C1D1.
Analysis of Variance (ANOVA).
ANOVA is a statistical technique which can provide some important conclusions based on analysis of the experimental data. is method is very useful for revealing the level of signi�cance of the in�uence of factor(s) or interaction of factors on a particular response. It separates the total variability of the response into contributions of each of the factors and the error. Using Minitab [28] ANOVA is performed to determine which parameter and interaction signi�cantly affect the performance characteristics. Table 6 shows the ANOVA result for friction coefficient of EN coatings. ANOVA calculates the F-ratio, which is the ratio between the regression mean square and the mean square error. e F-ratio, also called the variance ratio, is the ratio of variance due to the effect of a factor and variance due to the error term. is ratio is used to measure the signi�cance of the parameters under investigation with respect to the variance of all the terms included in the error term at the desired signi�cance level, . If the calculated value of the F-ratio is higher than the tabulated value of the F-ratio, then the factor is signi�cant at a desired level. In general, when the F value increases, the signi�cance of the parameter also increases. e ANOVA table shows the percentage contribution of each parameter. It is seen that parameter A, that is, concentration of nickel source solution, has the most signi�cant in�uence on friction coefficient at the con�dence level of 75 within the speci�c test range. Similarly, the interaction of parameters A × B and A × C has some in�uence on friction property of the coating while interaction B × C has almost no contribution. is type of analysis is not available in the literature and will be useful for EN coating deposition with an objective of optimum friction behaviour within the particular range of process parameters.
4.�. �on�r�a�ion �es�.
Once the optimal level of process parameters has been found out, the next step is to predict and verify the improvement of the performance characteristic using the optimal level of the process parameters. e estimated grey relational grade, , using the optimal level of the process parameters can be calculated as
where is the total mean S/N ratio, is the mean S/N ratio at the optimal process parameter level, and o is the number of the main design process parameters that signi�cantly affect the friction characteristics of electroless Ni-P-W coating. Table 7 shows the comparison of the estimated S/N ratio with the actual S/N ratio using the optimal parameters. e improvement of S/N ratio from initial to optimal condition is 1.9494 dB, which is about 39 of the mean S/N ratio and is a signi�cant improvement.
Conclusion
In the present study Taguchi orthogonal array is used to optimize the coating process parameters (concentration of Initial parameter level Optimal parameter combination Prediction Experimentation Level A2B2C2D2 A1B1C1D1 COF 0.582 0.465 S/N ratio 4.7015 5.4680 6.6509 Improvement of S/N ratio = 1.9494 dB nickel source, concentration of reducing agent, concentration of tungsten source, and annealing temperature) together in order to minimize friction performance of Ni-P-W coating. e optimal combination of coating parameters is obtained as A1B1C1D1. ANOVA result indicates that concentration of nickel source (A) is the most important parameter that signi�cantly a�ects the friction characteristics at a con�dence level of 75%. e improvement of the S/N ratio from the initial condition to the optimal condition is found to be about 39%. From the EDX analysis it is clear that the coating is pure ternary and consists of nickel, phosphorous, and tungsten. e XRD plots reveal that the coating is a mixture of amorphous and crystalline structure in the as-deposited condition and turns crystalline aer heat treatment. e Ni-P-W coating produces Ni-W and Ni 3 P as major compounds when heat treated at 500 ∘ C. From the surface morphology ISRN Tribology 9 captured by SEM it is seen that there are many globular particles on the surface of the substrate with no surface damage. Also the coating is dense and with low porosity.
